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Oxidation of trimethylamine to trimethylamine  
N-oxide facilitates high hydrostatic pressure  
tolerance in a generalist bacterial lineage
Qi-Long Qin1,2*, Zhi-Bin Wang1,3,4*, Hai-Nan Su1, Xiu-Lan Chen1,3, Jie Miao1, Xiu-Juan Wang1, 
Chun-Yang Li2,3, Xi-Ying Zhang1,3, Ping-Yi Li1, Min Wang2, Jiasong Fang5, Ian Lidbury6, 
Weipeng Zhang2, Xiao-Hua Zhang2, Gui-Peng Yang7, Yin Chen6, Yu-Zhong Zhang2,3,8†
High hydrostatic pressure (HHP) is a characteristic environmental factor of the deep ocean. However, it remains 
unclear how piezotolerant bacteria adapt to HHP. Here, we identify a two-step metabolic pathway to cope with 
HHP stress in a piezotolerant bacterium. Myroides profundi D25T, obtained from a deep-sea sediment, can take up 
trimethylamine (TMA) through a previously unidentified TMA transporter, TmaT, and oxidize intracellular TMA 
into trimethylamine N-oxide (TMAO) by a TMA monooxygenase, MpTmm. The produced TMAO is accumulated in 
the cell, functioning as a piezolyte, improving both growth and survival at HHP. The function of the TmaT-MpTmm 
pathway was further confirmed by introducing it into Escherichia coli and Bacillus subtilis. Encoded TmaT-like and 
MpTmm-like sequences extensively exist in marine metagenomes, and other marine Bacteroidetes bacteria con-
taining genes encoding TmaT-like and MpTmm-like proteins also have improved HHP tolerance in the presence of 
TMA, implying the universality of this HHP tolerance strategy in marine Bacteroidetes.
INTRODUCTION
The deep ocean (with water depth more than 1000 m) biosphere 
represents one of the largest ecosystems on Earth and breeds a vari-
ety of life forms. It is estimated that more than 1029 microbial cells 
exist there (1). In addition, a lot of microorganisms passively mi-
grate from surface seawater to deep seawater every day with marine 
snow, whale falls, and ocean currents (2, 3). The migration of these 
microorganisms is accompanied by increasing pressure and de-
creasing temperature. High hydrostatic pressure (HHP) has a large 
inhibitory effect on many physiological activities of microbial cells 
(4), such as membrane fluidity, RNA synthesis, motility, nutrient 
uptake, cell division, protein synthesis, and replication (5, 6). While 
many of the sinking microbes are eliminated because of their failure 
to adapt to the deep-sea environment, no doubt some microbes can 
survive in deep sea and even grow and reproduce at HHP environ-
ment. On the basis of their hydrostatic pressure tolerance ability, 
bacteria are divided into piezosensitive bacteria, piezotolerant bac-
teria, piezophiles, and hyperpiezophiles (7). Among them, some 
piezophiles have been well studied, which are mainly distributed in 
-proteobacteria, -proteobacteria, and -proteobacteria (7, 8). In 
piezophiles of the family Vibrionaceae, the ToxR/ToxS two-component 
system is a pressure sensor, which controls the expression of the 
ompH/ompL genes and many others (4, 9). However, for widely dis-
tributed piezotolerant bacteria, it remains unclear whether their 
adaption to HHP has driven the evolution of specific gene sets to 
cope with HHP stress.
Trimethylamine (TMA) and trimethylamine N-oxide (TMAO) 
are nitrogen-containing organic compounds widely dispersed in 
the ocean. Two functions of TMAO in marine microbes have been 
described. First, TMAO is used as a nitrogen source by the SAR11 
clade and marine Roseobacter clade of -proteobacteria (10). Second, 
TMAO is used as an electron acceptor by some -proteobacteria 
under anaerobic conditions (11), such as Shewanella (12–14) and 
Vibrio (11, 15). In addition, the functions of TMAO in marine ani-
mals are also studied. One well-known function is related to HHP 
tolerance of animals in deep sea. Deep-sea animals can enrich 
TMAO in their cells, which is used to stabilize intracellular proteins 
and cell structure for their survival under HHP (16). In teleost fish, 
muscle TMAO contents range from less than 50 mmol/kg in shal-
low species to more than 260 mmol/kg in a deep-sea species from 
4850-m depth (17). It is believed that in the deep ocean with a water 
depth of more than 5 km, fish cannot survive without TMAO (18). 
However, it is yet unknown whether deep-sea bacteria use TMAO 
to cope with HHP stress.
Myroides profundi D25T (hereafter referred to as strain D25) is a 
member of the phylum Bacteroidetes, which was isolated from a 
deep-sea sediment (1245-m water depth) in the southern Okinawa 
Trough (19). Comparative genomic and transcriptomic analyses 
have revealed the strategy adopted by this species during its evolu-
tion from land to sea (20). In the current study, we found that strain 
D25 is a piezotolerant bacterium, which uses TMAO as a piezolyte 
to cope with HHP stress. Strain D25 takes up TMA through a TMA 
transporter, TmaT, then oxidizes TMA into TMAO using a TMA 
monooxygenase (MpTmm). The resulting accumulation of intra-
cellular TMAO enables growth at high pressure. The function of the 
TmaT-MpTmm pathway was also confirmed by introducing it in 
Escherichia coli and Bacillus subtilis. Further analysis showed that 
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the presence of TMA also improved the growth of other bacteria in 
the phylum Bacteroidetes containing genes encoding the TmaT and 
MpTmm homologs under HHP, suggesting that this may be a com-
mon strategy adopted by deep-sea Bacteroidetes. This study reveals 
a new function of TMA/TMAO in marine bacteria and provides a 
direct link between a unique metabolic pathway and HHP adapta-
tion in deep-sea bacteria.
RESULTS
Accumulation of intracellular TMAO facilitates the survival 
of strain D25 under HHP
Quaternary amines TMA and TMAO are widespread in the ocean, 
which can be taken up and metabolized as nutrients by marine bac-
teria of the Roseobacter clade, e.g., Ruegeria pomeroyi (21). A gene 
(MPR_3295, Mptmm) in the genome of strain D25 was predicted to 
encode a putative TMA monooxygenase (Tmm). Tmm has been 
reported to convert TMA to TMAO in cosmopolitan marine bacte-
ria such as members of the Roseobacter clade (e.g., R. pomeroyi) and 
the SAR11 clade (Pelagibacter ubique), which is essential for the uti-
lization of TMA as a nutrient source in bacteria (21). To test whether 
it can use TMA or TMAO, strain D25 was cultured with TMA or 
TMAO as the sole nitrogen source, and R. pomeroyi DSS-3 (hereafter 
referred to as strain DSS-3) was used as a positive control. Unlike 
strain DSS-3 that could grow with TMA or TMAO as nitrogen 
source, strain D25 could not grow with either TMA or TMAO as 
nitrogen source (Fig. 1A). However, when strain D25 was cultured 
in a 2216E medium containing TMA, it was found that TMA was 
consumed and TMAO was accumulated intracellularly (Fig. 1B), 
which suggests that strain D25 can transport TMA into the cell and 
metabolize TMA into TMAO in the cell but cannot further metab-
olize TMAO as nutrient. In addition, we searched the genome of 
strain D25 for genes encoding key enzymes involved in the down-
stream catabolism of TMAO, i.e., TMAO demethylase (tdm) and 
dimethylamine monooxygenase (dmmABC); however, none of such 
genes were found. This supports our observation that strain D25 
cannot metabolize TMAO (Fig. 1B).
Because TMAO is a well-known protein stabilizer that can coun-
teract the effects of HHP in marine animals (18), we postulated that 
strain D25 may accumulate TMAO in the cell to cope with HHP 
stress. To test this postulation, we investigated the growth of strain 
D25 with or without TMA in the medium at the atmospheric pres-
sure, 20 and 40 MPa. The result showed that the addition of TMA 
in the culture medium improved the growth of strain D25 at 20 MPa 
and the survival of strain D25 at 40 MPa, and 10 M TMA showed 
the best effect, but such an effect was not observed at the atmo-
spheric pressure (Fig. 1C and fig. S1A). We then investigated the 
growth and survival of strain D25 under different HHP conditions 
and found that the presence of 10 M TMA significantly improved 
the growth of strain D25 under 10 to 30 MPa and increased the 
survival of strain D25 even under 50  MPa (Fig.  1D). In contrast, 
neither TMAO nor any other quaternary amines added in the 
medium could improve the growth of strain D25 at HHP condition 
(Fig. 1D and fig. S1B). In these experiments, after incubation of 
strain D25 under different pressures, the remained dissolved oxy-
gen concentration in the medium was all more than 4.1 mg/liter, 
indicating that dissolved oxygen was sufficient to support the 
growth of strain D25 during cultivation and that HHP was the main 
factor to impair the cell growth. In addition, it is noteworthy that 
the presence of TMA also helped maintain the cell integrity and 
prevent cells from collapsing at 40 MPa (Fig. 1E). Together, these 
results suggest that strain D25 can take up TMA from the environ-
ment and accumulate TMAO in the cell to cope with HHP stress.
Identification and characterization of the TMA 
monooxygenase responsible for oxidizing TMA into TMAO 
in strain D25
Because strain D25 can convert TMA into TMAO in its cell, we 
speculate that the putative Tmm encoded by the gene Mptmm 
(MPR_3295) may catalyze this reaction in strain D25. This putative 
Tmm has 55% sequence identity and 98% sequence coverage with 
the Tmm of strain DSS-3. To analyze the function of gene Mptmm, 
we overexpressed this gene in E. coli BL21 (fig. S2A), and the re-
combinant protein was active to oxidize TMA into TMAO at both 
25° and 4°C (Fig. 2A), indicating that gene Mptmm encodes a Tmm, 
named MpTmm. Moreover, the presence of TMA in the culture 
medium significantly induced the transcription of gene Mptmm 
(Fig. 2B), suggesting that gene Mptmm is functional in converting 
TMA to TMAO in strain D25. HHP also induced the higher expres-
sion level of gene Mptmm in strain D25 (Fig. 2C), suggesting that gene 
Mptmm may be involved in coping with HHP stress in strain D25.
We further characterized the MpTmm of strain D25 using the 
recombinant protein. The crystal structure of MpTmm was solved 
to 1.69 Å (table S1). The overall structure of MpTmm is similar 
to that of RnTmm (22), an MpTmm homolog from Roseovarius 
nubinhibens ISM (hereafter referred to as strain ISM), with a root 
mean square deviation between these two structures of 0.8 Å 
(Fig. 2D). The cofactors flavin adenine dinucleotide (FAD) and 
nicotinamide adenine dinucleotide phosphate (NADP+) in these 
two structures are also located in the similar positions (Fig. 2E). In 
addition, MpTmm has 52.8% sequence identity and 98% sequence 
coverage with RnTmm. These data further indicate that MpTmm is 
a Tmm. Strain ISM is a marine Roseobacter clade strain isolated 
from the surface water of the Caribbean Sea (23). Compared with 
RnTmm (22), MpTmm displays typical characteristics of a cold- 
adapted enzyme. It has a low optimum temperature of 25°C, retains 
20 to 40% of the maximum activity at 0° to 5°C (Fig. 2F), and has a 
low Tm (denaturing temperature) of 42° ± 0.05°C (Fig. 2G). In addition, 
even at 50  MPa pressure, MpTmm still retained 59% (25°C) and 
43% (4°C) of its activity at atmosphere pressure (Fig. 2H). Together, 
these results indicate that MpTmm is a cold-adapted and HHP tol-
erant enzyme, which can be functional in the in situ deep-sea envi-
ronment with low temperature and high pressure. Thus, it can be 
predicted that strain D25 is capable of converting TMA into TMAO 
via MpTmm and accumulating TMAO in its cell in the in situ deep-
sea environment.
Identification and characterization of the TMA-specific 
transporter in strain D25
The result in Fig. 1B showed that TMA in the 2216E medium of 
strain D25 was consumed during cultivation, indicating that strain 
D25 can transport TMA into its cell. We tried to find the gene en-
coding the TMA transporter by searching the genome of strain D25, 
but failed. Then, we sequenced the transcriptomes of strain D25 
cultured under different pressures to uncover the potential TMA 
transporter and to investigate the expression and regulation of the 
genes involved in TMA metabolism. When the pressure increased, 
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respectively, and the transcription level of the gene Mptmm was 
up-regulated 22.2-fold, consistent with the result in Fig. 2C. We 
then screened the transporter genes whose transcription levels were 
up-regulated at HHP condition (38 genes were found), and a gene 
(MPR_0426, tmaT) encoding a predicted membrane protein belong-
ing to the betaine, carnitine, and choline transporter (BCCT) family 
was found to be up-regulated 7.9-fold. The quantitative real-time poly-
merase chain reaction (PCR) result also confirmed that HHP induced 
higher expression level of this gene (Fig. 3A), suggesting that gene 
tmaT may be involved in coping with HHP stress in strain D25.
Transporters of the BCCT family are responsible for the uptake 
of several quaternary amines and other organic osmolytes in bacteria, 
Fig. 1. Effect of methylamine on the growth and survival of strain D25 under HHP. (A) Growth curves of strains D25 and DSS-3 cultured with TMA or TMAO as the sole nitrogen 
source. (B) Changes of the concentrations of medium TMA and intracellular TMA and TMAO of strain D25 cultured in 2216E medium with an initial TMA concentration of 
85 M. (C) Growth curves of strain D25 at 4°C at 0.1, 20, and 40 MPa with or without 10 M TMA. (D) Effect of 10 M TMAO or TMA on the growth and survival of strain D25 at different 
pressures. The cell number at the start of the incubation (start) was ca. 1 × 106 CFU/ml. The cultures were incubated at 4°C for 10 days, and then CFU was counted and compared 
with that of the starting culture (end/start). The red line refers to a complete death of cells in the culture. Control: Strain D25 cultured without TMAO or TMA. (E) Morphological 
observation of strain D25 cultivated at different pressures with or without 10 M TMA. The error bars represent SDs from triplicate experiments. The asterisks show statistical difference 
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including glycine betaine, choline, carnitine, and dimethylsulfonio-
propionate (DMSP) (24). To ascertain whether gene tmaT encodes 
a TMA transporter, we overexpressed this gene in E. coli BL21 (fig. 
S2B) and tested the substrate binding specificity of the recombinant 
protein using isothermal titration calorimetry (ITC) assays. The re-
sult showed that the recombinant protein had a high binding affin-
ity to TMA (Fig. 3, B to D) and did not bind TMAO (Fig. 3E), 
glycine betaine, carnitine, choline, or DMSP (fig. S3), which indi-
cates that gene tmaT encodes a TMA-specific transporter, which is 
named TmaT. Because no TMA transporter has ever been reported, 
TmaT represents a new member of the BCCT family, which is dif-
ferent in substrate specificity from the other BCCT family proteins 
including transporters BetP, BetT, and CaiT for glycine betaine, 
choline, and carnitine, respectively. This is further supported by 
phylogenetic analysis, which showed that TmaT and its homologs 
are clustered in a separate branch from the other BCCT family se-
quences (Fig. 3F). In addition, we found that the dissociation con-
stant (Kd) of TmaT for TMA binding at 5°C was lower than that at 
15° or 25°C (Fig. 3, B to D), suggesting that TmaT can function well 
at deep-sea in situ temperature. Together, these results suggest that 
TmaT is a TMA-specific transporter, which is likely responsible for 
TMA uptake from the environment into strain D25 cells.
Analysis of the in vivo function of TmaT and MpTmm 
in recombinant E. coli and B. subtilis
During our study, we made numerous attempts to disrupt the genes 
tmaT and Mptmm in strain D25. Unfortunately, all our attempts 
failed. Alternatively, we tested the function of TmaT and MpTmm 
in vivo in recombinant E. coli (strain DH5) in which TmaT and 
MpTmm were constitutively expressed. We investigated whether 
the introduction of both genes tmaT and Mptmm can improve the 
survival and growth of E. coli under HHP. As shown in fig. S4A, 
heterologous expression of TmaT conferred upon E. coli the ability 
to transport exterior TMA into its cells, indicating that TmaT is a 
functional TMA transporter. Coexpression of both genes tmaT and 
Mptmm in E. coli resulted in the accumulation of TMAO intracellularly 
in E. coli when TMA was present in the medium (fig. S4B), indicat-
ing that TmaT is responsible for TMA uptake and that MpTmm is 
Fig. 2. Characterization of MpTmm. (A) Nonlinear fit curves for the oxidation of TMA by recombinant MpTmm at 4° and 25°C. (B) Effect of different concentrations of 
TMA on the expression of gene Mptmm in strain D25. Strain D25 was cultured in 2216E medium with or without TMA for 1 hour. (C) Effect of hydrostatic pressure on the 
expression of gene Mptmm in strain D25. Strain D25 was cultured in 2216E medium at atmosphere pressure, 20 or 40 MPa for 1 hour. (D) Comparison of the structures of 
MpTmm and RnTmm. MpTmm is colored in yellow, and RnTmm in purple. (E) Comparison of the locations of NADP+ (left) and FAD (right) in the crystal structures of MpTmm 
and RnTmm. The FAD and NADP+ molecules are shown in sticks colored in yellow for MpTmm and in purple for RnTmm. (F) Effect of temperature on the activity of 
MpTmm. (G) Measurement of the Tm value of MpTmm by DSC. (H) Effect of pressure on the activity of MpTmm. The enzymatic activities at different pressures were mea-
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responsible for intracellular TMA oxidation to produce TMAO. At 
the atmospheric pressure, coexpression of both genes did not affect 
the growth of E. coli regardless of whether or not TMA was present 
(Fig. 4A and fig. S4C). However, coexpression of both genes im-
proved the growth of E. coli at HHP conditions (20 and 40 MPa) 
when TMA was supplied, while expression of TmaT or MpTmm 
alone with addition of TMA, or coexpression of both genes with-
out TMA in the medium, did not improve the growth or survival 
of E. coli at HHP (Fig. 4A and fig. S4C). This indicates that the TMA 
metabolism involved in TmaT and MpTmm in E. coli can improve 
its HHP tolerance.
Because E. coli contains a TMAO reductase gene in the torCAD 
cluster (including the genes encoding a pentaheme c-type cyto-
chrome, TMAO reductase, and molecular chaperone) that may 
further metabolize intracellular TMAO to eliminate the effect of 
TMAO reductase on the pressure tolerance of the recombinant 
E. coli strain, we knocked out the torCAD cluster from E. coli and 
constructed the mutant strain torCAD. The growth of torCAD 
containing tmaT and Mptmm at HHP conditions (20 and 40 MPa) 
was much better than that of the wild-type E. coli containing tmaT 
and Mptmm when TMA was present in the medium (Fig. 4C and 
fig. S4D). This further indicates that accumulation of intracellular 
TMAO is beneficial for E. coli to cope with HHP stress.
It has been reported that HHP can impair cell division of E. coli, 
leading to elongated filaments (25,  26). We then investigated the 
cell morphological changes of torCAD containing genes tmaT and 
Mptmm under HHP conditions. When TMA was absent, signifi-
cantly longer filaments were observed in the cells of torCAD under 
20 MPa, and some cells began to collapse under 40 MPa (Fig. 4B). 
When TMA was present in the medium, coexpression of TmaT and 
MpTmm reduced the impact of HHP on the cell morphology and 
cell division of torCAD, especially under 20  MPa (Fig.  4B and 
fig. S4E).
To further confirm that TmaT and MpTmm can improve the 
HHP tolerant ability of bacteria, the tmaT and Mptmm genes were 
introduced into B. subtilis 168. As anticipated, the introduction of 
both genes significantly improved the growth of this strain at HHP 
conditions (20 and 40 MPa) when TMA was supplied (Fig. 4D and 
fig. S4F), indicating the improvement of its HHP tolerance.
Overall, these data corroborate the in vivo function of the TMA 
metabolism pathway mediated by TmaT and MpTmm in bacteria, 
that is, accumulating TMAO to cope with HHP stress. Thus, TMAO, 
the product of this pathway, is a piezolyte for bacteria.
Universality of genes tmaT and Mptmm in marine bacteria
TMA in marine sediments can reach up to 50 M (27), which is used 
by sedimentary bacteria. On the basis of the above results, it can be 
concluded that the deep-sea sedimentary strain D25 can use the en-
vironmental TMA to cope with HHP stress via a TMA metabolism 
pathway mediated by TmaT and MpTmm. Strain D25 transports 
environmental TMA into its cell through the TMA transporter 
TmaT, and the TMA monooxygenase MpTmm oxidizes the intra-
cellular TMA into TMAO, which is accumulated in the cell without 
further metabolism and used as a piezolyte by strain D25 to cope 
with HHP stress (Fig. 5A). Thus, the TmaT-MpTmm system pro-
vides a simple and economic strategy for strain D25 to cope with 
HHP stress.
To better understand the ecological significance of the TmaT- 
MpTmm system in marine bacteria, genes encoding TmaT-like and 
MpTmm-like proteins were searched in the Integrated Microbial 
Fig. 3. Characterization of TmaT. (A) Effect of hydrostatic pressure on the expression of gene tmaT in strain D25 detected by quantitative real-time PCR. Strain D25 was 
cultured in 2216E medium at atmosphere pressure, 20 or 40 MPa for 1 hour. The error bars represent SDs from triplicate experiments. (B to E) ITC curves for titrations of 
TMA or TMAO into TmaT. ITC traces (top) and integrated binding isotherms (bottom) are shown. The titration substrates and temperatures are shown in the pictures. 
DP, differential power. (F) Molecular phylogenetic analysis of TmaT and its homologs with other BCCT transporters. Sequences are from the IMG/JGI database. BetP, BetT, 
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Genome Database of the Joint Genome Institute (the IMG/JGI data-
base) (28, 29). TmaT-like and MpTmm-like proteins are found in the 
marine metagenome dataset (table S2) from many sites across a range of 
sampling depths, indicating that the two genes are widespread. When 
we searched the IMG/JGI database with gene tmaT as the query, all the 
tmaT homologs (>40% identity) are from Bacteroidetes. Therefore, it is 
most likely that the TmaT-MpTmm system exists only in Bacteroidetes. 
We then investigated the distribution of genes encoding TmaT-like and 
MpTmm-like proteins in the genomes of Bacteroidetes from marine 
environments, including shallow sea (seawater or sediments from <1000-m 
depth or depth unreported) and deep sea (seawater or sediments from 
>1000-m water depth). In the IMG/JGI database, 337 genomes of Bacte-
roidetes were found from shallow sea, and only 7 from deep sea. Among 
them, 44 contain both tmaT and Mptmm homologs, including 41 from 
shallow sea and 3 from deep sea (table S3). These strains are distributed 
in four classes of Bacteroidetes (fig. S5), and there does not appear 
to be a distinct evolutionary lineage within the phylum Bacteroidetes 
that has this TMA metabolism pathway. The three deep-sea strains 
are Zunongwangia profunda SM-A87 from 1234-m water depth (30), 
Pedobacter sp. SM1810 from 3268-m water depth (31), and Zunongwangia 
atlantica 22II14-10F7 from 2927-m water depth (table S3) (32). We in-
vestigated the effect of TMA on the growth and survival of these strains 
under 20, 30, and 40 MPa. Consistent with the observation on strain 
D25, the presence of TMA in the medium significantly improved the 
growth and survival of all these strains under high pressure (Fig. 5B). 
Thus, accumulation of TMAO in the cell by assimilating environmental 
TMA to cope with HHP stress may be a common strategy adopted by 
deep-sea Bacteroidetes bacteria containing the TmaT-MpTmm system.
In addition, because some Bacteroidetes strains from shallow sea 
also contain both tmaT and Mptmm homologs (table S3), we tested 
the effect of TMA on the growth and survival of three Bacteroidetes 
strains that originated from surface seawater under 20, 30, and 40 MPa, 
and the result indicated that exterior TMA can improve the survival 
and growth of all these strains under HHP (Fig. 5B). This suggests that 
Bacteroidetes strains containing the TmaT-MpTmm system are likely 
able to cope with HHP stress when they migrate to deep sea, provided 
that TMA is present. However, it cannot be excluded that there are 
other functions of this TMA metabolism pathway in bacteria, espe-
cially non–deep-sea bacteria, which needs further study.
DISCUSSION
TMA and TMAO are ubiquitous in the oceans, and their concentra-
tions range from nanomolar in surface seawater to micromolar in 
Fig. 4. The in vivo function of TmaT and MpTmm in recombinant E. coli DH5, E. coli mutant torCAD, and B. subtilis 168. (A, C, and D) Effect of expression of TmaT 
and MpTmm on the growth and survival of E. coli DH5 (A), torCAD (C), and B. subtilis 168 (D) cultured at different pressures for 48 hours. Control, strain containing the 
empty plasmid cultured with TMA; tmm, strain expressing MpTmm cultured with TMA; tmaT, strain expressing TmaT cultured with TMA; &, strain coexpressing MpTmm 
and TmaT cultured with TMA; and &-, strain coexpressing MpTmm and TmaT cultured without TMA. The cell number at the start of the incubation (start) was ca. 1 × 
105 CFU/ml. The strains were cultivated at 25°C for 48 hours with or without 20 M TMA, and then CFU were counted and compared with those of the starting culture 
(end/start). The asterisks show statistical difference from control (**P < 0.01, two-tailed t test). The error bars represent SDs from triplicate experiments. (B) Morphological 
observation of cells of torCAD coexpressing TmaT and MpTmm cultured at 25°C for 48 hours under different pressures with or without 20 M TMA. ETD, Everhart-Thornley 
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deep-sea sediments (27), and the content of TMAO in the muscle of 
deep-sea teleost fish can reach as high as 260 mmol/kg (17). TMA/
TMAO metabolism in heterotrophic marine bacteria has been exten-
sively studied over the last decade. On the basis of previous results 
and the results in this study, it can be concluded that heterotrophic 
marine bacteria use TMA/TMAO via three pathways (Fig. 6): (i) Many 
marine -proteobacteria including members of the cosmopolitan 
Roseobacter and SAR11 contain genes tmm, tdm, and tmoX (table 
S4) and metabolize TMA/TMAO as a carbon, nitrogen, or energy 
source (10, 27, 33); (ii) some -proteobacteria, such as Shewanella 
and Vibrio, contain gene torA (table S4) and use TMAO as a termi-
nal electron acceptor in anaerobic conditions (13, 15, 34); (iii) and 
the results in this study reveal that the deep-sea Bacteroidetes strain 
D25 has a new TMA metabolism pathway mediated by genes tmaT 
and Mptmm, which takes up environmental TMA and converts it 
to TMAO to counteract HHP stress (Figs. 5A and 6). This novel 
HHP adaptation strategy appears to be nonspecific in strain D25 
because heterologous expression of the TmaT-MpTmm system in 
E. coli and B. subtilis also leads to their HHP tolerance, and other 
marine Bacteroidetes bacteria containing genes encoding TmaT-
like and MpTmm-like also have improved HHP tolerance in the 
presence of TMA. Thus, this study uncovers a novel physiological 
function of TMA/TMAO in marine bacteria and a simple pathway 
to cope with HHP stress in deep-sea piezotolerant Bacteroidetes 
bacteria. Bacteroidetes bacteria are widespread in the ocean and 
considered to play an important role, especially in the degradation 
of high–molecular weight organic matters in marine ecosystem. 
This study offers a better understanding of how the generalist 




Marine bacterial strains M. profundi D25, R. pomeroyi DSS-3, E. coli 
DH5, E. coli BL21, B. subtilis 168, Z. profundi SM-A87, Pedobacter 
sp. SM1810, Euzebyella algicola MEBiC 12267, Aquimarina litoralis 
CNURIC011, and Cytophaga sp. I-545-C were previously main-
tained in our lab. Z. atlantica 22II14-10F7 was obtained from the 
Marine Culture Collection of China. The gene knockout mutant of 
E. coli DH5, torCAD, was constructed as described previously 
(35). Marine strains D25, DSS-3, SM-A87, SM1810, 22II14-10F7, 
MEBiC 12267, CNURIC011, and I-545-C were routinely cultivated 
in the 2216E medium.
The effect of exterior TMA on the growth of strain 
D25 at HHP
A defined medium containing 3% (m/v) artificial sea salt, vitamin 
complex, 1 mM TMA or TMAO, 10 mM glucose, 0.2 mM Na3PO4, 
10 mM Hepes, and 5 M FeCl3 (36) was used to test whether TMA 
or TMAO can be used as a nitrogen source by strains D25 and DSS-3. 
Automatic growth curve analyzer (Bioscreen C MBR, Finland) was 
used to record the growth of both strains cultured at 25°C.
To test whether TMA can facilitate the growth of strain D25 at 
HHP, the medium containing 3% (m/v) artificial sea salt, 0.05% (m/v) 
peptone, 0.01% (m/v) yeast powder, and TMA (0 to 1 mM) was 
Fig. 5. The HHP tolerance strategy of strain D25 and its universality in Bacteroidetes. (A) The proposed model for HHP tolerance of strain D25 via the TMA metabolism 
pathway mediated by TmaT and MpTmm. Under HHP stress in deep sea, strain D25 expresses genes tmaT and Mptmm and produces the TMA transporter TmaT and the TMA 
monooxygenase MpTmm. Strain D25 takes up environmental TMA into its cell by TmaT and oxidizes the intracellular TMA into TMAO by MpTmm. TMAO is accumulated in 
the cell without further metabolism and is used as a piezolyte by strain D25 to cope with HHP stress. (B) Effect of the presence of TMA in medium on the growth of other 
Bacteroidetes strains at different pressures. Strains were cultured at 15°C for 10 days in the medium containing 3% artificial sea salt, 0.05% peptone, 0.01% yeast powder, and 
20 M TMA. The error bars represent SDs from triplicate experiments. Strains E. algicola MEBiC 12267, A. litoralis CNURIC011, and Cytophaga sp. I-545-C were all isolated from 
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used. After 1% (v/v) cell suspension of strain, D25 was inoculated 
into the medium, 4 ml of culture was filled into a 5-ml sterile syringe 
with a polyethylene pipe cap, which was then put into the high- 
pressure vessel, and the hydrostatic pressure was increased to 10, 20, 
30, 40, or 50 MPa using a microbial high-pressure culture device 
(Feiyu Science and Technology Exploitation Co. Ltd., Nantong, 
China). After incubation at 4°C for 10 days, the syringes were 
taken out of the high-pressure culture device, and the bacterial cells 
in each syringe were fully resuspended in the medium by vortex-
ing and shaking. The culture was then diluted using 2216E medium 
to an appropriate concentration, and 100 l of the diluted culture 
was plated onto a 2216E agar plate for counting colony-forming 
units (CFU).
Scanning electron microscopy imaging
The bacterial cells cultivated at different pressures were collected by 
centrifugation at 7000g for 3 min. After being fixed with 2.5% (v/v) 
glutaraldehyde solution, the bacterial cells were washed with etha-
nol at concentrations of 30, 50, 70, 80, and 90%, respectively, and 
eventually resuspended in pure ethanol, which were then dried out 
in Automated Critical Point Dryer (Leica EM CPD300, Germany) 
with the critical-point drying method and coated with gold using a 
sputter coater (Cressington 108, England). The surface morphological 
structures of the bacterial cells were captured in an environmental 
mode on a scanning electron microscope (FEI Quanta 250 FEG, 
American) under 5-kV voltage. The length of the bacterial cells was 
calculated using ImageJ, and Student’s t test was used to determine 
the difference in bacterial cell length between different cultivation 
conditions.
Quantification of TMA and TMAO
Strain D25 was cultivated at 25°C to an OD600 (optical density at 
600 nm) of ~1.0 in the medium containing 3% (m/v) artificial sea 
salt, 0.05% (m/v) peptone, and 0.01% (m/v) yeast powder. Then, a 
final concentration of 85 M TMA was added into the medium, 
which was further cultured. Every 1 hour, 1000 ml of culture was 
centrifuged at 7000g for 3 min, and the supernatant was used for 
measuring the concentrations of extracellular TMA and TMAO (37). 
The cell pellet was resuspended in 100 ml of deionized water. After 
0.4 M trichloroacetic acid (final concentration) was added, the cells 
were lysed by sonication. Cell debris was then removed via centrif-
ugation (17,000g, 10 min), and the resultant supernatant was used for 
measuring the concentrations of intracellular TMA and TMAO. The 
TMA and TMAO concentrations of all samples were measured on a 
cation exchange ion chromatograph (ICS-1100, Dionex, USA) with 
nonsuppressed conductivity detection (38). The optimized eluent 
solution contained 4 mM nitric acid and 3% (v/v) acetonitrile solu-
tion. The separation was carried out on a Metrosep C 4-250/4.0 sep-
aration column (Metrohm, Switzerland) under isocratic condition 
at a flow rate of 0.9 ml/min and a column temperature of 30°C. To 
determine the intracellular concentrations of TMA/TMAO, the 
average volume of a cell was first calculated by measuring the average 
length and diameter of the bacterial cells based on scanning elec-
tron microscope observation, assuming a cylinder shape of each 
bacterial cell. The total volume of the cells in a sample was calculated 
on the basis of the cell number.
Transcriptome analysis and quantitative real-time PCR
Strain D25 was cultivated in the 2216E medium to an OD600 of 0.6 
at atmospheric pressure. The culture was then divided into two ali-
quots and incubated at 30 MPa and atmospheric pressure, respec-
tively, for 1 hour. The cells were collected by centrifugation, and the 
total RNA was extracted using an RNeasy Protect Bacteria Mini Kit 
(QIAGEN, Germany). The transcriptome sequencing was per-
formed by Majorbio Co. Ltd. (Shanghai, China), and the reads were 
mapped to the genome of strain D25. Gene expression was normalized 
Fig. 6. Three TMA/TMAO metabolism pathways in marine bacteria. (A) A neighbor-joining phylogenetic tree showing the bacterial strains, which are capable of me-
tabolizing TMA/TMAO. The tree was constructed on the basis of the 16S ribosomal RNA gene sequences of the strains. The red dot(s) indicates the phylogenetic position 
of the representative stains illustrated in (B). The detailed information of each strain is listed in table S4. (B) Schemes of the TMA/TMAO metabolism pathways and related 
genomic regions in R. pomeroyi DSS-3 (-proteobacteria), Shewanella violacea DSS12 (-proteobacteria), and M. profundi D25 (Bacteroidetes). MpTmm, TMA monooxygen-
ase gene; tdm, TMAO demethylase gene; tmaT, TMA transporter gene; dmm DABC, dimethylamine monooxygenase gene; tmo XVW, adenosine 5′-triphosphate–dependent 
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using the RPKM (reads per kilobases per million mapped reads) 
method, and the RPKM value of each gene was used to compare 
levels of expression under different conditions. A gene was considered 
to be differentially regulated when it showed a >4-fold change 
in expression and displayed a false discovery rate–adjusted P value 
of <0.01.
For quantitative real-time PCR, DNA-free RNA was reverse 
transcribed into cDNA by using TransScript First-Strand cDNA 
Synthesis SuperMix (TransGen Biotech, China). The cDNA was 
used for quantitative PCR analysis using the LightCycler 1.5 system 
(Roche, Switzerland), and SYBR Green fluorescence (Takara, Japan) 
was used for detection. The relative expression of the target gene 
was normalized to the reference gene of recA that was not regu-
lated by HHP.
Analysis of the in vivo function of TmaT and MpTmm
To analyze the in vivo function of TmaT and MpTmm, recombinant 
E. coli DH5 mutant strain torCAD and strain B. subtilis 168 that 
can constitutively express genes tmaT and Mptmm were constructed. 
The genes Mptmm and tmaT were amplified from the genome 
DNA of strain D25. BBa-J23111 (http://parts.igem.org), a constitu-
tive expression promotor, was introduced in the front primer. The 
gene Mptmm or tmaT was recombined with the plasmid pET-22b, 
and the recombinant plasmid was transformed into torCAD and 
B. subtilis 168 by electroporation to construct the MpTmm expression 
strain and the TmaT expression strain. To construct an MpTmm- 
TmaT coexpression strain, the gene Mptmm was recombined into 
the TmaT expression plasmid, which was then transformed into 
torCAD and B. subtilis 168.
To test the in vivo function of TmaT, the torCAD strain con-
taining a TmaT expression plasmid and the torCAD strain harbor-
ing an empty plasmid were, respectively, cultivated in the medium 
containing 1% (m/v) NaCl, 0.5% (m/v) peptone, and 0.1% (m/v) 
yeast powder to an OD600 of ~1.0. The cells were collected by cen-
trifugation and resuspended in the medium containing 1% (m/v) 
NaCl, 0.05% (m/v) peptone, 0.01% (m/v) yeast powder, and 30 M 
TMA, which were then incubated at 25°C, and TMA concentration 
in the medium was measured every 30 min.
To test the in vivo function of the TmaT-MpTmm metabolism 
pathway, the torCAD strain containing a TmaT-MpTmm co-
expression plasmid was cultured in 1 liter of medium containing 
1% (m/v) NaCl, 0.5% (m/v) peptone, and 0.1% (m/v) yeast powder 
to an OD600 of ~1.0. Then, a final concentration of 85 M TMA was 
added into the medium, which was further cultured. Concentrations 
of medium TMA and intracellular TMA and TMAO of torCAD 
were measured every 1 hour as described above.
To test whether TMA can improve the HHP tolerance of strains 
torCAD and B. subtilis 168 expressing MpTmm and/or TmaT, 
the medium containing 1% (m/v) NaCl, 0.05% (m/v) peptone, and 
0.01% (m/v) yeast powder and 20 M TMA was used. After incuba-
tion under atmosphere pressure, 20 or 40 MPa at 25°C for 40 hours, 
the CFUs of torCAD were counted, and the cell morphology 
was observed using a scanning electron microscope as described 
above.
Expression and purification of MpTmm and TmaT 
of strain D25
The full-length genes Mptmm and tmaT were amplified from the 
genome DNA of strain D25 and were cloned into the pET-22b 
vector with a C-terminal His tag, respectively, which were then 
transformed into E. coli BL21. The recombinant E. coli strains were 
cultured at 37°C in Luria-Bertani medium to an OD600 of 0.8 to 1.0 
and then incubated at 20°C for 16 hours with 0.5 mM isopropyl 
-d-1-thiogalactopyranoside (IPTG) as an inducer. The recombi-
nant MpTmm protein was purified using the method described by 
Li et al. (39). The recombinant TmaT protein was purified by a 
membrane protein purification method (40).
Crystallization, data collection, structure determination, 
and refinement
The purified recombinant MpTmm (10 mg/ml) was mixed with re-
duced form of NADP (NADPH) (5 mg/ml) and was crystallized at 
18°C using the hanging drops vapor diffusion method. The crystals 
were obtained in a buffer containing 0.1 M magnesium acetate, 0.1 M 
MES (pH 6.5), and 10% (w/v) polyethylene glycol 10,000. X-ray dif-
fraction data were collected on BL17U1 beamline at the Shanghai 
Synchrotron Radiation Facility using detector ADSC Quantum 315r 
(41). The initial diffraction datasets were processed by HKL2000.
The crystals of MpTmm belong to the P212121 space group. The 
crystal structure of MpTmm was determined by molecular replace-
ment using the CCP4 Program Phaser (42) with the crystal structure 
of RnTmm (Protein Data Bank code: 5IPY) as the search model. 
The refinement of the structure was performed using Coot (43) and 
PHENIX (44). All the structure figures were processed using the 
program PyMOL (www.pymol.org/).
ITC measurements
ITC measurements to test the substrate binding specificity of TmaT 
were performed at 5°, 15°, and 25°C using the MicroCal iTC200 
system (GE Healthcare, USA). The sample cell was loaded with 
250 l of protein sample (~10 M), and the reference cell was filled 
with distilled water. The syringe contained 40  l of tested com-
pound (100 M). The proteins and tested compounds were dis-
solved in the same buffer containing 10 mM tris-HCl (pH 7.0) and 
100 mM NaCl. Titrations were carried out by adding 0.4 l of tested 
compound for the first injection and 3 l for the following 12 injec-
tions, with stirring at 800 revolutions per minute.
Enzyme assay and characterization
The enzymatic activity of MpTmm toward TMA was measured 
by following the decrease in absorbance at 340 nm of substrate- 
dependent oxidation of NADPH as described previously (45). To deter-
mine the optimal temperature for MpTmm activity, 300 l of buffer 
containing 10 mM tris-HCl (pH 8.0), 100 mM NaCl, 0.25 mM 
NADPH, and 1 mM TMA was preincubated at different temperatures 
(0° to 45°C) for 30 min. After incubation, 1 M MpTmm was added 
into the buffer, and the mixture was further incubated at different 
temperatures for 3 min before detection by Multiskan Spectrum 
(SpectraMax 384 plus, Molecular Devices, America). To determine 
the optimal pressure for MpTmm activity, 1 ml of the reaction mix-
ture containing 10 mM tris-HCl (pH 8.0), 100 mM NaCl, 0.25 mM 
NADPH, 1 mM TMA, and 1 nM MpTmm was incubated at differ-
ent pressures (0.1 to 50 MPa) for 3 hours before detection by 
Multiskan Spectrum. The control group had the same reaction 
system, except that MpTmm was not added. One enzyme activity 
unit was defined as the amount of enzyme required to consume 
1 nM NADPH per minute for TMA oxidation. To determine the Km 
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monomethylamine) of different concentrations from 500 to 10 M 
was used. The Km values of MpTmm were determined by nonlinear 
analysis based on the initial rates, and the measurements were per-
formed at the optimal temperature. All enzyme assays were carried 
out in triplicate.
Differential scanning calorimetry (DSC) measurements were car-
ried out using a MicroCal VP-DSC (GE Healthcare) to measure the 
Tm value of MpTmm. The sample cell was loaded with 250 l of 
MpTmm (~15 M), and the reference cell contained distilled water. 
The temperature was raised from 25° to 90°C at a constant heating 
rate of 1°C/min.
Phylogenetic analyses of TmaT
Using the TmaT of strain D25 as the query, a BLASTP (E value 1 × 
10−50) search was performed against all genomes in the IMG/
JGI database (https://img.jgi.doe.gov/cgi-bin/m/main.cgi) (28, 29), 
and TmaT homologs were retained. Sequences retrieved from the 
IMG/JGI dataset were aligned with other characterized BCCT trans-
porters and visualized using Molecular Evolutionary Genetics Analysis 
version 7.0 (MEGA7) (46).
Distribution of TmaT-like and MpTmm-like proteins 
in marine metagenomes and marine Bacteroidetes genomes
Metagenomes from different water depths were chosen from the 
IMG/JGI database. Using MpTmm and TmaT of strain D25 as the 
query, BLASTP analysis was performed using a stringency of 30% 
identity and a cutoff value of 10−50. The number of retrieved se-
quences for each protein was normalized by dividing the retrieved 
number by genome size (Gb). The metagenomes used in this study 
are listed in table S2.
Genomes of Bacteroidetes isolated from deep-sea water and ma-
rine sediments in the IMG/JGI database were screened for TmaT-
like and MpTmm-like sequences using TmaT and MpTmm of 
strain D25 as the query, respectively (28, 29). Marine Bacteroidetes 
genomes containing both TmaT-like and MpTmm-like sequences 
are listed in table S3.
Analysis of enzyme genes involved in the metabolism of 
methylated amines in marine microbial genomes
All available defined marine bacterial genomes in the IMG/JGI data-
base were screened for enzymes catalyzing degradation of methylat-
ed amines using  BLASTP analysis with MpTmm and TmaT from 
strain D25, Tdm (Spo1562), and TmoX (Spo1548) from R. pomeroyi 
DSS-3, and TorA (swp_5031) from Shewanella piezotolerans WP3 as 
query sequences using a stringent cutoff value of 10−50. Marine bac-
terial genomes containing genes encoding these proteins are listed in 
table S4. A phylogenetic tree was constructed by a maximum likeli-
hood approach with 500 bootstrap replicates and using a maximum 
parsimony tree derived from neighbor joining as the initial tree.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/13/eabf9941/DC1
View/request a protocol for this paper from Bio-protocol.
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